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ABSTRACT 

Aims. Magnetic elements are thought to be described by flux tube models, and are well reproduced by MHD simu- 
lations. However, these simulations are only partially constrained by observations. We observationally investigate the 
relationship between G-band bright points and magnetic structures to clarify conditions, which make magnetic struc- 
tures bright in G-band. 

Methods. The G-band filtergrams together with magnetograms and dopplergrams were taken for a plage region covered 
by abnormal granules as well as ubiquitous G-band bright points, using the Swedish 1-m Solar Telescope (SST) under 
very good seeing conditions. 

Results. High magnetic flux density regions are not necessarily associated with G-band bright points. We refer to the 
observed extended areas with high magnetic flux density as magnetic islands to separate them from magnetic elements. 
We discover that G-band bright points tend to be located near the boundary of such magnetic islands. The concen- 
tration of G-band bright points decreases with inward distance from the boundary of the magnetic islands. Moreover, 
G-band bright points are preferentially located where magnetic flux density is higher, given the same distance from 
the boundary. There are some bright points located far inside the magnetic islands. Such bright points have higher 
minimum magnetic flux density at the larger inward distance from the boundary. Convective velocity is apparently 
reduced for such high magnetic flux density regions regardless of whether they are populated by G-band bright points 
or not. The magnetic islands are surrounded by downflows. 

Conclusions. These results suggest that high magnetic flux density, as well as efficient heat transport from the sides or 
beneath, are required to make magnetic elements bright in G-band. 
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1. Introduction magnetic elements are, however, difficult because of their 

small spatial scales and short evolution time-scales. One of 

w , Magnetic fields on the Sun have various spatial and time the indirect methods for tracing the magne tic elements is 

sea es Sunspots have the largest scale size (~ 10 5 km) tQ use thdr association with G _ band bright points . 
with long lifetimes (~ lmonth) and very high contrast, 

while magnetic elements often observed in the Fraunhofer We see deeper layers of the Sun in the magnetic ele- 

G-band (the CN band, the wing of Ca H and K, and con- ments than in the surrounding non-magnetic photosphere, 

tinuum) are the smallest resolved structures, and are be- because the lower density due to magnetic pressure de- 

lieved to be building blocks of active regions and the quiet creases the optical depth. Thus, we see hotter and brighter 

Sun magnetic network. In the 1970s, filigree structures in layers inside the magnetic elements that are thin enough 

the intergranular lanes and faculae observed at the so- to be hea ted by the surrounding environment (|Spruitl 

lar li mb were reported (jDunn fe Zirker|[l973l : iMehltretterl Il976lfl977l ). The basic concept has been further elaborated 

1974.1) , and these small bright points were b elieved to be by many authors in recent years {S anchez Almeida et al 

a manifestation of elemental mag netic fields (|SpruitJll97rl 1 2001 1 : ISteiner et al.ll200lUCarlsson et alj|2004 iKeller et al 

' I977h . iBeckers fc Schroterl (|l968h originally observed small 12004 : (uitenbroek fc Tritschlerll2006l: iLeenaarts et al.ll2006fl 



magnetic features called magnetic knots with magnetic field Recent high resolution observations have revealed var- 

strength between 1000-2000 G. Recent high-resolution ob- ious propert ies of the G-band bright points such 

servations have been able to resolve these magnetic knots as the size (iBerger et all Il995t IBovelet fc Wiehrl 

into smaller magnetic elements. The question of how such IWiehr et al.ll2004l), the apparent shape |Berger etldl 



2003 



199E 



small structures with strong magnetic flux density and with I Bovelet fc Wiehrl I2003D , the mean velocity (IBerger et al.l 
short lifetime exist is one of the central issues in solar mag- 119981: IBovelet fc Wiehrl 120031: [Nisenson et all l2003h. and 
netohydrodynamics. Direct magnetic observations of the the mean lifetime ( Berger et al.l 119981: iNisenson et al.l 
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Fig. 1. G-band filtergram taken at 08:45:58 UT on 9 July 2005. The inner box indicates the region analyzed in this 
paper. 



|2003| ). G-band bright points in the form of a thin 
sheet, which appears not to be resol ved into smal l er G- 
band bright points, have been s een (jBerger et al.l 12004 
iRouppe van der Voort et~afll2005[ ). 

These studies are carried out, assuming that the G-band 
bright points directly correspond to magnetic elements. 
iKellerl |l992h reported that magnetic flux concentrations 
with diameters of « 200km were identified with the bright 
points using speckle interferometry at the Swedish 50-cm 
telescope. The G-band bright points in the intergranular 
lane are cospatial and comorphous with magnetic elements 
(jBerger fc Title! [200 ll ). However, few studies so far statisti- 
cally show the relationship between G-band bright points 
and magnetic concentration: it may be true that any G- 
band bright points have strong magnetic fields, but vice 
versa is apparently not the case. The difficulty of study- 
ing such correspondence stems from the relatively low spa- 
tial resolution of the spectropolarimetric measurements and 
magnetograms, compared to the wide band imaging. 

FigQ] shows the region consisting of small pores and 
many abnormal granules. G-band bright points in the re- 
gion appear to be smaller and have higher concentration 
than those around the sunspot located in the right corner 
of the field of view. The simultaneous magnetogram shows 
multiple magnetic regions. In this paper, we investigate the 
relationship between such extended magnetic regions and 
G-band bright points, and observationally address the ques- 
tion of why the bright points appear bright. 



2. Observations and data analysis 

2.1, Observations 

The observations were carried out during an interna- 
tional observing campaign involving the Swedish 1-m Solar 
Telescope (SST), the Dutch Open Telescope, the German 
Vacuum Tower Telescope, and the TRACE satellite during 
2 weeks in July 2005. NOAA AR 10786 located at helio- 
graphic coordinates N1 4, W25 was observed with the SST 
(fScharmer et~alll2003aj) from 7:47 to 9:10 UT on 9 July 2005 
under good and stable seeing conditions. We analyze mag- 
netograms and Dopplergrams taken in the Fei 630.25 nm 
line with the Solar Optic al Universal Polarimeter (SOUP, 
iTitle fc Rosenberg] I1981D . and G-band images obtained 
with an interference filter centered on 430.56 nm with the 
bandpass of 1.1 nm. 

The data quality is extre mely high due to the SST 
adaptive optics system (AO, IScharmer et alj [2003b) and 
post-processing with the Multi-Object M ulti-Frame Blind 
Deco nvolution technique (MOMFBD, Ivan Noort et al.l 
2005) . The G-band images and nearby continuum phase di- 
versity image-pairs were simultaneously recorded in three 
channels at a rate of 1.8 frames s^ 1 . Manual frame selection 
was applied immediately after the observations, using the 
image contrast as a measure for selecting images for final 
storage. Thus, only those images were selected, for which 
the AO system was actively compensating for seeing degra- 
dation. 
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Fig. 2. a) : The region marked by the box in figffl The white lines denote a cut along which the intensity profile is 
shown in fig llll b) : G-band bright points are selected and marked in white. Bright dots inside pores are not identified 
as G-band bright points. 



Typically, 18 images per channel (i.e. 3 x 18) were com- 
bined by the MOMFBD algorithm to render a pair of si- 
multaneous G-band and nearby continuum restored images. 
Following this procedure, two time series of restored images 
for G-band and nearby continuum with a cadence of 10 s 
were obtained. The field of view (FOV) for the G-band and 
nearby continuum images is 60" x 40" with a pixel size 
of 0'.'041. From an analysis of the power spectrum we con- 
clude that the achieved spatial resolution is very close to 
the diffraction limit: Of.'l. 

The SOUP filter was running a program switching be- 
tween the blue and red wing of the Fel 630.25 nm line 
at ±5 pm offset, and 10 left- and 10 right-hand circu- 
lar polarization (LCP and RCP) images were recorded 
for each line position, alternating polarization states dur- 
ing the read-out time of the camera (0.82 s). The total 
time needed to acquire all images of the four types was 
33 s. The MOMFBD restoration was performed from sub- 
sets of 40 SOUP images (all states and line positions) and 
40 simultaneously recorded wide-band images. The wide- 
band images were recorded by splitting off 10% of the 
light after the SOUP pre-filter (0.8 nm passband centered 
on 630.25 nm), and are used as an anchor channel. Since 
the MOMFBD restoration uses a camera alignment cali- 
bration involving pinhole images, the four restored SOUP 
images are very accurately aligned to the wide-band an- 
chor channel. Magnetograms and Dopplergrams can there- 
fore be constr ucted without any sign ificant level of seeing 
cross-talk. See Ivan Noort et al.l (|2005h for more details. The 
FOV of the restored SOUP images is 90" x 60" (plate scale 
0'.'061 pixel _1 ). We estimate that the spatial resolution in 
the magnetogram is about 0"2. The exposure time for the 
individual SOUP images was 40 ms. For the magnetogram 




Fig. 3. a) : The subregion of the plage region shown in figO 
b) : The Laplacian-filtered image. 

based on the MOMFBD restored images this yields to an 
effective exposure time of 1.6 s. 

2.2. Data reduction 

Magnetograms, M, and Dopplergrams, V, were computed 
as follows: 



M 
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and the Doppler velocity v is given by 
v [km s- 1 ] = f c V, 



(1) 
(2) 

(3) 
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Fig. 4. a) Magnetogram corresponding to the region marked by the rectangle in figH] (08:45:58 UT). The gray scale 
ranges from -2795 (black) to 1000 (white) Gauss. The white lines denote a cut along which an intensity profile is shown 
in fig llll b) Magnetic islands are marked in black and G-band bright points in magnetic islands are marked in white. 



where f c is a constant to convert Doppler signal to the 
Doppler velocity. The line-of-sight magnetic flux density B 
is proportional to the magnetogram signal M: 



B [Gauss] = aM. 



(4) 



Magnetic flux density derived here actually corresponds 
to magnetic flux of a pixel. It is equivalent to the magnetic 
flux density (or magnetic field strength) only when the pixel 
is occupied by magnetic atmosp here with a filling fa ctor of 
1. We adopt 16551 Gauss for a (jBerger et alj|2004|) . From 
a relatively quiet, noise dominated, region in the FOV, we 
estimate that the sensitivity is 0.3%, or 53 Gauss. The mag- 
netographic interpretations are subject to the effects of such 
things as different thermal conditions, gradients of plasma 
flows along the line-of-sight, and incomplete angular reso- 
lution. Equation 2] may not be valid above approximately 
1 kG due to the Zeeman saturation for the wavelength off- 
set of 5 pm. Note, however, that the magnetogram signals 
would still differentiate the relative magnitude of the mag- 
netic flux density beyond the linear regime. This is not the 
case for some of the pores which have strong magnetic flux 
density. Indeed, some of the pores should have had larger 
magnetic flux density in figure [4] 

The constant f c is estimated to be ~ 10 km s _1 by 
comparing the Doppler signal with the mean line-of-sight 
Doppler velocity of granules (~ 1km s _1 ). The plate scale 
for the wide-band images and the SOUP images are ad- 
justed to that of the G-band images, and the G-band im- 
ages are aligned with sub-pixel accuracy to the wide-band 
images. We select the MOMFBD-restored G-band image 
with the highest contrast, and the Dopplergram and the 
magnetogram nearest to the G-band image. We here con- 
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Fig. 5. Histogram of magnetic flux density for the whole 
region including G-band bright points in fig[2] a and fig'H] a 
(dotted line) and that for the G-band bright points identi- 
fied in figH]6 (solid line). The arrow indicates the range for 
magnetic islands. 



centrate on the region with size of 22" x 32" to analyze 
G-band bright points in the plage region (figH] a) . 



2.3. G-band bright points and Magnetic Islands 

The G-band bright points in the region are not always 
round, but are elongated or have the form of a thin sheet 
(figH]). Though there are many such structures in the re- 
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gion, we refer to those bright structures in the G-band as 
the G-band bright points in this paper. 

A simple threshold in intensity cannot properly identify 
the G-band bright points, some of which have low contrast 
with respect to the surroun ding granular patterns . Thus, 
we employ a Laplacian filter (|Kano &: Tsunetalll995[ ). which 
provides a second derivative of an image. The Laplacian- 
filter procedure is given by 



V 2 I(x,y) = -[{I(x + l,y)-I(x,y)} 
-{I(x,y)-I(x-l,y)} 
+{I(x,y + l)-I(x,y)} 
-{I(x,y)-I(x,y-1)}] 
= -{I(x + l,y) + I(x-l,y) 
+I(x,y + 1) + I(x,y-1) 



4/(s,y)}. (5) 



The filter can highlight local intensity peaks and val- 
leys, and allows us to detect any structure even with small 
enhancement. Figure [3] shows a sub-region of the Laplacian- 
filtered G-band image. Small bright features have very high 
contrast, while edges of bright granules do not have high 
contrast in the Laplacian-filtered G-band image. We adjust 
a threshold for the Laplacian-filtered images to correctly 
pick up enhanced structures with respect to the surround- 
ings, and identify the regions with the area larger than 
9 pixels as G-band bright points. Figure [2] shows that the 
Laplacian filter almost perfectly picks up the G-band bright 
points. Note that the G-band bright points inside pores are 
excluded. 

The magnetogram (figHJa) shows the extended regions 
with strong magnetic flux density. Figure[5]is the histogram 
of magnetic flux density for the entire plage region (in- 
cluding G-band bright points) and for only the G-band 
bright points. There are intense magnetic fields not as- 
sociated with the G-band bright points. The pixels with 
strong magnetic flux density form an extended area not 
necessarily in a form of elemental magnetic fields. Thus, 
we call these extended magnetic areas magnetic islands. 
Magnetic islands refer to any extended magnetic region 
that may or may not contain G-band bright points, pores, 
and any other magnetic features such as ribbons and flow- 
ers. Magnetic islands are larger i n size than ribbons, flow- 
ers, and micro-pores discuss e d inlBerger et"aL1 ()2004j ) and 
iRouppe van der Voort et ahl (|2005l ). Those are typically of 
the size of granules. A magnetic island here is defined to 
be an area whose absolute flux density is higher than the 
threshold value at which the number of pixels is minimal 
in figure [5j The actual value of the threshold thus de- 
termined is not critical. We adopt the threshold, simply 
because this clearly defines the apparent boundary of the 
magnetic islands. Magnetic islands include G-band bright 
points, pores, and an umbra on the right side of figure [2J 
There are multiple magnetic islands without pores. 

Figure [4] b shows the location of the G-band bright 
points (marked by white lines) in the magnetic islands 
(black area). The figure clearly shows that G-band bright 
points are located near the boundary of the magnetic is- 
lands. 




(b) 



dh 



J, til. 



Fig. 6. The schematic diagram of a magnetic island. L and 
L + dL are the inward distance from the boundary of the 
magnetic island as shown in the arrow. See text for details. 

3. Results 

3.1. Spatial distribution of G-band bright points in plage 
region 

We confirm that all the G-band bright points have mag- 
netic fields as shown in figure \5\ It is also clear from the 
figure that all the magnetic fields are not necessarily asso- 
ciated with G-band bright points. This simple figure raises 
the question as to what the necessary condition for G-band 
bright points is. In section, 2.3, we conclude from figure |4] 
b that G-band bright points tend to be located near the 
boundaries of the magnetic islands. We quantitatively ex- 
amine where in the magnetic islands G-band bright points 
are located. 

The area density D{L) of the G-band bright points at an 
inward distance L from the boundary of a magnetic island 
with width dL (figure [5]) is given by 



D(L) = 



N gbp (L) 
N a u(L) ' 



(0 



where N a u(L) are the number of pixels which make up the 
magnetic islands and N g b p (L) are the G-band bright points 
located in between L and L + dL at the inward distance L. 

The procedure for obtaining Ni(L) with i = all,gbp is 
the following. First, we obtain the total area of the black 
region (figEla), S a u(L), and the total area of the G-band 
bright points in the black region, S g b p (L). Second, we ob- 
tain the total area of the smaller black region (figd] b), 
S a ii(L + dL), and the total area of the G-band bright points 
inside the smaller black region, S g b p {L + dL), by eroding 
with distance dL (~1 pixel). Note that we employ a mask 
to exclude the bright structures in the pores and the umbra. 
Finally, the areas Ni{L) for i = all,gbp, are given by 



Ni{L) = Si(L)-Si(L + dL), 
and 

S i (L) = J2 N ^> 

1>L 



(7) 



(8) 



The process of eroding magnetic islands is shown in figure 

m 

Figure [5] shows the area density D(L) of the G-band 
bright points derived in this way. There are more G-band 
bright points near the boundary of the magnetic islands 
with a rapid decrease over ~ O'/l. The inward distance 
of 0'.'12 (3 pixels) at which the area density of G-band 
bright points becomes maximum may depend slightly on 
the threshold used to define the magnetic islands. 
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Fig. 7. Eroded (from top left to bottom right) magnetic islands marked in black. Removed magnetic islands marked in 
dark gray. The number in lower right corner shows inward distance of erosion. 
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Fig. 8. Area density D(L) of the G-band bright points in 
magnetic islands as a function of inward distance L from 
the boundary of magnetic islands. 
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Fig. 9. The histogram of G-band bright point density as a 
function of magnetic flux density at a distance of (f.'12 (3 
pixels) inward from the boundary of magnetic islands. 



Figure [9] shows the area density of the G-band bright 
points for an inward radius L of 0'.'12 with width dL of 
0'.'041 as a function of magnetic flux density. Regions with 
higher magnetic flux density are apparently in association 
with the G-band bright points at the same distance from 
the boundary. 

Figure [10] a and b represent the magnetic flux density 
of the magnetic islands and of the G-band bright points as 
a function of the distance from the boundary of the mag- 
netic islands respectively. The magnetic flux density of the 
magnetic islands is almost uniformly distributed, and does 
not depend on the distance. However, the minimum flux 
density of G-band bright points does depend on the inward 
distance. The G-band bright points away from the bound- 
ary have higher minimum magnetic flux density. 



Figure QT] shows a cut across the magnetic island along 
the lines shown in figure |H a. This is similar to figures 7 and 
y m iBerger et all (2004). Figure [TT1 is. however, an example 
to show our statistical result that enhanced structures in 
the G-band are located near the edge of the magnetic island. 
G-band bright points seem to prefer the neighborhood of 
the boundary of magnetic islands as well as higher magnetic 
flux density. 

3.2. Convection and Magnetic Islands 

As shown in the previous section, these G-band bright 
points tend to have higher magnetic flux density in these 
magnetic islands. Furthermore, the minimum magnetic flux 



R.Ishikawa et al.: Relationships between magnetic foot points and G-band bright structures 




0,0 0.2 0.4 0.6 0.8 1.0 1,2 

distance from the boundary of magnetic islands (arc second) 




0.0 0.2 0,4 0.6 o.s 1,0 1.2 

distance from the boundary of magnetic islands (arc second) 

Fig. 10. A scatter plot of the magnetic flux density ver- 
sus the inward distance from the boundary of magnetic is- 
lands for the magnetic islands (a) and for the G-band bright 
points (b). The gray scale indicates the logarithmic num- 
ber of data points. Note that the magnetic flux density as 
derived from equation [4] does not provide correct values for 
very high flux density due to Zeeman saturation for 50mA 
offset. 



density of the G-band bright points becomes higher with 
increasing distance from the boundary. 

The Dopplergram ffig |12p clearly shows an apparent 
correlation between the magnetic flux density and the sup- 
pression of convection. (The regions enclosed by the con- 
tours are the magnetic islands.) The histograms of the 
Doppler velocity are shown in figure [T3] for the whole re- 
gion, the G-band bright points and the magnetic islands 
without the G-band bright points. The latter two distri- 
butions are almost the same. These histograms show that 
suppressed convective velocity of the magnetic islands does 
not depend on whether a particular magnetic element be- 
comes a G-band bright point or not. 

We now examine the environment of the magnetic is- 
lands. By environment, we refer to the surrounding of mag- 
netic islands f pixel (0'.'04) to 3 pixels (0'.'12) outward 
from the boundary of magnetic islands. The histograms of 
Doppler velocity for the environment is shown with those 
for the G-band bright points, magnetic islands without G- 
band bright points, and the whole region in figure 1141 It 
is clear from these histograms that the environment of the 
magnetic islands tends to have downflows in comparison 
with the whole region or with magnetic islands. The mag- 
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Fig. 11. Intensity plot along the white lines shown in figH] 
a and ng0]a. The arrow indicates the region identified as 
a magnetic island. 



netic islands are surrounded by the thin region (layer), 
which has predominantly downflows. 



4. Conclusions 

Continuous extended regions with high magnetic flux den- 
sity are referred to as magnetic islands in this paper. G- 
band bright points are a subset of a magnetic island. The G- 
band bright points are not recognized in the Dopplergrams: 
convection is strongly suppressed in any magnetic region, 
regardless of whether they are associated with the G-band 
bright points or not. 

Our analysis indicates that whether a specific magnetic 
element is bright in the G-band or not depends on its in- 
ward distance from the boundary of the magnetic island 
as well as on its intrinsic magnetic flux density. Indeed, 
89% of the G-band bright points in magnetic islands are 
located within 0'.'41 from the boundary of the magnetic is- 
lands. This shows that the short distance from the bound- 
ary is critically important for the appearance of the G-band 
bright points. Convective downflows close to the boundary 
would serve as the heat reservoir, and the horizontal radia- 
tive energy transport from the reservoir would contribute to 
the appearance of the G-band bright points. Interestingly, 
the inward distance (~ C//12 ~ 90 km) at which the area 
density of the G-band bright points becomes maximum 
is comparable to the horizontal distance for Ar(500nm) 
= 1 (^lOOkrn). Moreover, G-band bright points near the 
boundaries have higher magnetic flux compared with the 
pixels without G-band bright points. A stronger magnetic 
field would decrease the internal plasma pressure, and make 
t ~ 1 layer deeper in the atmosphere. Flux tubes near the 
boundary are heated by lateral heatflow from the convec- 
tion outside the magnetic islands. The heated flux tubes 
can be visible as the G-ban d bright points due to the offset 
of t ~ 1 layer (|Spruitlll976fl . 

Some pixels, which have very high magnetic flux density 
compared with that for the G-band bright points near the 
boundary, are bright in the G-band, even if they are away 
from the boundary. In other words, when G-band bright 
points are located away from the boundaries, higher flux 
density is needed. This is consistent with the above inter- 
pretation that strong magnetic field affects r ~ 1 height, 
and results in G-band bright points. However, these inter- 
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Fig. 12. Dopplergram corresponding to the region marked 
by the rectangle in n£[] (08:45:58 UT). The black contour 
shows the boundary of magnetic islands (fig[U&). The gray 
scale ranges from -2.3 km s _1 (blue-shifted, black) to 2.3 km 
s _1 (red-shifted, white). The regions inside the magnetic 
islands have almost zero velocity. 
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Fig. 13. Histogram of Doppler velocity for the whole re- 
gion of fig[2]a (dash-dotted line), the G-band bright points 
(solid line) and magnetic islands without the G-band bright 
points (dotted line). Negative values are upflows (blue- 
shifted), positive downflows (red-shifted). 
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Fig. 14. Histograms of Doppler velocities for different ar- 
eas. Negative values are upflows (blue-shifted), positive 
downflows (red-shifted). 



nal G-band bright points do not appear to have an energy 
source due to the apparent suppression of vertical convec- 
tive energy transport. The magnetic islands may consist of 
many unresolved elemental magnetic fields, and have ver- 
tical and horizontal leakage heat transport. Another pos- 
sibility is that the heat leakage comes from a gap (non- 
magnetized re gion) underneath the photosphere in th e mag- 
netic islands (|Parkerlll979t ISpruit fc Scharmerll2006f ). 

This paper addresses the basic question on what makes 
magnetic foot points bright in the G-band from the obser- 
vational point of view. G-band bright points need both the 
heat transport (horizontal or vertical) path and very strong 
magnetic field. G-band bright points have been regarded 
as good tracers of elemental magnetic fields. We point out 
that G-band bright points represent only a subset of mag- 
netic elements, and direct high-resolution observations of 
the magnetic fields are critical for the understanding of so- 
lar magnetic fields. 

We also discover that the immediate sur- 
rounding of magnetic islan ds has downflows. 
iRouppe van der Voort et aT] |2005) and lLangangen et alJ 
(120071) report that the extended magnetic structures, 
which they refer to as ribbons, have strong downflows at 
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their edges. In this paper, we show that the even more 
extended regions with high magnetic flux density, which 
are referred to as magnetic islands, have downflows in their 
immediate surroundings. These surrounding downflows 
may be related to the stabilization of the extended strong 
magnetic region. Convection would potentially affect not 
only thin magnetic elemental structures but also the 
extended magnetic structures. 
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